The most accurate classical dose optimization algorithms in HDR brachytherapy strongly depend on an appropriate selection of source dwell positions which fulfill userdefined geometrical boundary conditions which are relative to patient anatomy. Most anatomical situations, such as for prostate and head and neck tumors, are complex and can require geometries with 5 -15 catheters with 48 possible dwell positions per catheter depending on the tumor volume. The manual selection of dwell positions using visual checks by trial and error is very time consuming. This can only be improved by the use of a technique which automatically recognizes and selects the optimum dwell positions for each catheter. We have developed an algorithm, termed an autoactivation algorithm, which improves implant planning by providing a facility for the necessary automatic recognition of HDR source dwell positions.
I. INTRODUCTION
Modern brachytherapy treatment planning is image based [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and enables clinicians to efficiently define the planning target volume (PTV) and critical structures which must be avoided. Normal practice for an optimization procedure [11] [12] [13] [14] to determine the treatment parameters is usually based on techniques to minimize the variance of the dose values on the surface of the PTV. This is achieved by describing a set of points distributed on the PTV surface 14 and the result is the determination of a series of dwell times/dwell weights for the source dwell positions within the catheters. In order to increase the efficiency of the optimization procedure a pre-selection of source dwell positions is required. This can, for example, be based on the rules of the Paris system or on an assumption that the dwell positions must be at a minimum distance from the surface of the PTV.
In our study to devise an autoactivation method, we discarded as a possible option for determining source dwell positions, the reconstruction of only those parts of the catheters that already satisfy criteria regarding user-defined distances from anatomical structures, including the PTV surface. This was because of the following two factors. (a) The specified catheter parts are not always visible on the CT images. (b) In virtually all implants it is necessary to reconstruct longer length catheter parts, including the tips, those parts of the catheter near the skin surface and the afterloader-catheter connector ends which are in free space. The chosen option for our autoactivation algorithm was therefore to consider the entire lengths of all catheters.
We have tested the autoactivation algorithm in the clinical situation for a total of 27 interstitial implants and have found it to be fast and accurate. It also provides a significant saving in treatment planning time compared to the classical manual trial and error method for obtaining HDR source dwell positions.
II. METHODS & MATERIAL

A. Introduction
Our algorithm is based on post-implant CT image data which includes the locations of implanted catheters and relevant patient anatomy with target volume(s) and critical organs. The reconstruction of all catheters is made either manually slice-by-slice 1 or by using an autoreconstruction tool. 15 The final result for this reconstruction procedure is that we obtain all possible source dwell positions within the implanted catheters as lists of points with x, y, z coordinates.
We have chosen the following two criteria to define the geometrical constraints for the autoactivation algorithm. (a) The dwell position is inside the PTV. (b) The dwell position retains a specified minimum distance from one or more critical structures.
In order to retain a specified distance between a catheter and the surface of any structure we can either (a) create a 3D positive or negative margin or (b) directly calculate the minimum distance from the surface of the 3D volume. We assume that every anatomical object can be represented by planar contours which are obtained from parallel CT or MR cross-sectional images. The cross-sectional planes are defined as xy planes which are perpendicular to the z-axis and parallel to the CT gantry rotation plane as defined by the DICOM specification. 16 The optimum method to describe a 3D surface, and hence a volume, is to triangulate using the contours of the objects where the triangulation has to result in closed 3D surfaces. This must include the superior and inferior ends of the structure. For our autoactivation algorithm we have used a modified version of the triangulation method described by Fuchs et al. 17 Some methods have been published for the calculation of 3D margins around a delineated gross tumor volume (GTV) or clinical target volume (CTV) in order to extract the PTV. [18] [19] [20] [21] These methods as well as our own tests using volume growing methods based on the triangulated surface 21 have resulted in run times in the range seconds to minutes. The autoactivation algorithm provide a more rapid procedure, of the order of milliseconds, which can deal with several 3D structures simultaneously in an interactive manner.
B. Distance of a point from a triangulated 3D surface
The minimum distance of each possible source dwell position from the surfaces of the anatomical structures of interest can be directly calculated and then depending on the userdefined offset values, the dwell position can be characterized as active or inactive. Considering a point P = (x, y, z), its minimum distance d min from the surface of a contoured volume is estimated by its minimum distance from the triangulated surface of this volume. This is the minimum distance of P from all triangles T i of the triangulated volume surface for which the projection of P on to the triangle plane lies inside the triangle.
C. Test for a point inside or outside a 2D contour
The autoactivation algorithm tests if a point P is inside or outside a closed triangulated surface that describes the surface of an anatomical volume. For the case of a point on a transaxial xy plane the algorithm considers a vertical ray from the general point P which travels in the anterior-posterior direction. The algorithm counts the number of intersections of this ray with all edges of the polygon described by the contour line in this plane. If the number of edges of the polygon intersected by the ray is even then the point P is outside the contour but if the number of intersections is odd then P lies inside the contour. 14 If one of the intersections counted is a contour point, that is a polygon vertex, see the rays starting at points P 1 and P 2 in Fig. 1 , an additional procedure is carried out in order to avoid errors in deciding if P is inside or outside the contour. In the case of rays from P 1 or P 2 the algorithm moves P 1 or P 2 slightly in the +x direction, the dotted ray in Fig. 1(b) , and then repeats counting the number of intersections. P can then be classified as either inside or outside the contour.
D. Test for a point inside or outside a volume
To test if a point P = (x, y z) is inside or outside a volume the algorithm first studies the point with regard to whether or not it is within the bounding box, then consider if it lies between z min and z max and finally determines its exact position with respect to the xy plane and the perpendicular z. If in the xy plane there is a contour, the algorithm checks for the 2D case, see Section C.
Otherwise, the algorithm checks the projections of P in the previous and subsequent planes, z before and z after , z ∈ (z before , z after ). If the decision is not the same for both planes (inside or outside the contour), a temporary contour is generated by the algorithm, which interpolates between z before and z after . This interpolation is based on the triangulated surface of the volume. The cuts of the triangular edges by an xy plane at the z-coordinate of P are then found and reordered and the interpolated contour line created. The 2D test of Section C is then used for this interpolated contour.
E. Autoactivation algorithm
For the case where N c catheters have been reconstructed and in each catheter the possible source dwell positions SP are generated, SP ij , i = 1, N c and j = 1, N SPi where N SPi is the total number of source dwell positions in the i th catheter. After selection of the anatomical structures, including the PTV, we define the corresponding distance between dwell position and anatomical surface: which we term the offset. All dwell positions are first initialized by the algorithm to be inactive. 
F. Test cases
Source dwell positions for 27 clinical implants (brain, breast, cervix, pre-sacral region, prostate, scapula, sternum) were studied using the autoactivation algorithm and compared with results using only a manual trial and error procedure. The source step size used in the manual procedure was only 2.5 mm: this is relevant for the microSelectron-HDR. This series of implants forms a representative spectrum of geometries with PTVs in the range of 19-265 cm 3 and the number of catheters in the range 3-13 . The average number of catheters per implant was 5, and the average number of CT transaxial images per implant were 39. However, it is emphasized that autoactivation algorithm is independent of the number of catheters used and therefore is even more relevant for those brachytherapy centers which use a much larger number of catheters than 13.
III. RESULTS
The results are shown in Table I for the 27 HDR brachytherapy implants. The accuracy of the time measurement of our system is 10 ms and the mean time required for the autoactivation procedure was 0.27 s, 0.11 s, 0.06 s and 0.02 s for 1 mm, 2.5 mm, 5 mm and 10 mm step size as seen from the table. The mean duration of the manual procedure was 307s which is a significantly greater treatment planning time than required using the autoactivation algorithm.
IV. CONCLUSIONS
We have presented a new autoactivation algorithm for the automatic selection of source dwell positions according to user-defined geometrical constraints relative to the PTV and other anatomical structures. The time saved in the overall treatment planning process combined with a high level of accuracy make this new method an important tool for image based clinical brachytherapy treatment planning. Table I . Results for 27 HDR brachytherapy implants: comparison between manual and autoactivation methods.
